Agave (Asparagaceae) includes cultivated and wild varieties of henequen used for hard fibre production. As part of a breeding programme to improve Agave production, species with different ploidy levels were genetically characterized: two diploids [A. tequiliana Weber and the hybrid H11648 ((A. amaniensis Trel. & Nowell ¥ A. angustifolia Haw.) ¥ A. amaniensis)], a triploid (A fourcroydes Lem. var. kitam ki), a tetraploid (A. angustifolia var. letona), three pentaploids (A. fourcroydes var. sac ki, A. fourcroydes var. yaax ki, and A. sisalana Perrine), and two hexaploids (A. angustifolia var. chelem ki from two locations). Chromosome spreading was used to determine the chromosome number, flow cytometry was employed to measure the genome size, and fluorescent in situ hybridization was performed using 45S and 5S ribosomal DNA (rDNA) and the telomeric sequences (TTAGGG)n and (TTTAGGG)n as genetic markers. There were proportional increases with ploidy level of the following: (1) chromosome number (from diploid 2n = 2x = 60 to hexaploid 2n = 6x = 180), including the number of large and small chromosomes in the bimodal karyotype of Agave; (2) genome size, with a mean monoploid genome size (1Cx) of 7.5 pg (range, 7.36-7.61 pg); and (3) the number and distribution of 45S and 5S rDNA loci, with one locus of each per basic, monoploid genome. Thus there was complete additivity in genome structure with increasing ploidy, as reported in some angiosperm polyploids. However, as other analyses of polyploids have revealed a decrease in 1Cx values with increased ploidy, possible explanations for the observed genomic stability were considered. With the (TTAGGG)n probe, the signal was localized at the telomeres, consistent with published data showing that many species in the order Asparagales have this type of telomere sequence. It is speculated that sporadic telomeric signals using the (TTTAGGG)n probe are probably derived from either errors in telomerase activity or relic ancestral-type telomeric sequences.
INTRODUCTION
The genus Agave comprises c. 200 species with the centre of diversity located in Mexico (García-Mendoza, 2002) . Many of these species are of great economic importance, including A. tequilana, which is the raw material for the manufacture of alcoholic beverages, and A. fourcroydes, which is used for hard fibre production and steroidal bioactive compounds. The genus contains species of many ploidy levels (2x, 3x, 4x, 5x, 6x, and 8x) with a basic chromosome number of n = 30.
The agaves of Yucatán, Mexico, have been the source of hard fibre for the cordage industry for nearly 200 years. However, with the exception of the family of hybrids of A. amaniensis ¥ A. angustifolia (Lock, 1962) , from which H11648 (the only commercial hybrid in use) was derived, most agaves have never been genetically improved. Recently, a programme of selection and cloning of elite henequen materials was initiated at the Centre for Scientific Research of Yucatán (CICY). Furthermore, some of these agaves are now endangered by the destruction of their habitats caused by the growth of human populations. To tackle both of these problems, it is necessary to obtain a more precise knowledge of their genetic characteristics, which is the central purpose of this article.
Henequen (Agave fourcroydes Lem.), the main cultivated species in Yucatán, is pentaploid. It is tolerant of stony, alkaline soils, extreme temperatures, and long periods of drought that characterize its environment. It is propagated vegetatively through off-shoots that grow at the ends of the rhizomes, and its genetic variability appears to be limited (Colunga-García Marín & May-Pat, 1997; Colunga-García Marín et al., 1999) . The closely related varieties, known as kitam ki, yaax ki, and sac ki, and species such as A. angustifolia Haw. var. chelem ki and A. sisalana Perrine, from the Yucatán peninsula, are also used for hard fibre production and are a potential source of new breeding material. In addition to these species, the well-known diploids A. tequilana Weber and the hybrid 11648 [(A. amaniensis ¥ A. angustifolia) ¥ A. amaniensis] were also analysed.
Despite their economic importance, there has been only limited molecular cytogenetic characterization of hard fibre agaves. To extend this, flow cytometry was used to measure C values and cytogenetic methods [chromosome counts and fluorescent in situ hybridization (FISH) with nuclear ribosomal DNA (rDNA) and the (TTAGGG) n minisatellite sequence as probes] were employed to characterize the karyotypes. As the Agave species analysed included diploids, triploids, tetraploids, pentaploids, and hexaploids, the long-term effects of ploidy on genome evolution were also investigated. Complete additivity in genome size, karyotype structure, and genome markers was found with increasing ploidy levels. Table 1 lists the Agave species studied and the origin of the material. In all cases, mature rhizomes (25-30 cm high) were collected, potted, and maintained in a glasshouse until use. Hanson et al. (2005) . Absolute C values were calculated using the following formula: (mean position of G1 peak of Agave/mean position of G1 peak of Allium cepa) ¥ 67.1 (4C value of calibration standard taken from Van't Hof & Sparrow, 1963) . It is usually considered best practice to use standards that are as close as possible to the C value of the material under investigation (Doležel & Bartos, 2005) . However, this was not followed here because the wide range of ploidy levels analysed resulted in a large range of C values. Nevertheless, it was found that a single standard species provided consistent data across the Agave ploidy series.
MATERIAL AND METHODS

PLANT MATERIAL
CHROMOSOME ANALYSIS
Chromosome preparations and FISH were performed as described in Adams et al. (1998) Briefly, healthy root tips of seedlings were pretreated in Gammexane at 20°C for 4 h, fixed in 3 : 1 ethanol-glacial acetic acid for a few hours, and then transferred to 70% ethanol and stored at -20°C. Root tips were washed in digestion buffer and digested in 0.3% (w/v) cellulase R10, 0.3% (w/v) pectolyase Y23, and 0.3% (w/v) drieselase at 37°C for 25 min. Meristematic cells behind the root cap were dissected, gently pipetted onto chromic acid-washed slides, macerated in a drop of 60% acetic acid, and squashed with a glass coverslip. Slides were frozen on dry ice and the cover slip was flipped off with a razor blade.
PROBES AND FISH
A clone pTa71, which includes a 9 kb fragment containing the 18-26S rDNA genic subunits and intergenic spacers isolated from Triticum aestivum (Gerlach & Bedbrook, 1979) , was labelled with digoxigenin-11-dUTP by nick translation and detected with anti-digoxigenin-fluorescein isothiocyanate (FITC). A probe for 5S rDNA sequences was prepared by amplifying and labelling the 120 bp genic sequence from Nicotiana rustica using the primers and polymerase chain reaction (PCR) conditions described by Fulnecek et al. (2002) in the presence of biotin-16-dUTP, as reported in Adams et al. (2000) . The (TTAGGG) n and (TTTAGGG)n minisatellite DNA probes were prepared by concatenation of primers (TTAGGG)3 and (TTAGGG)3, respectively, using the methods described in Ijdo et al. (1991) , and labelling the product with biotin-16-dUTP or digoxigenin-11-dUTP as described in Sykorova et al. (2003b) . Biotin-labelled probes were detected with avidin-cyanine-3 (Cy3). For FISH, the probe mixture was prepared as described in Lim, . After overnight hybridization at 37°C, slides were given a stringent wash in 20% (v/v) formamide in 0.1 ¥ standard saline citrate (SSC) at 40°-42°C. Sites of probe hybridization were detected using 20 mg mL -1 fluorescein-conjugated antidigoxigenin immunoglobulin G (IgG) (Roche Biochemicals) and 5 mg mL -1 Cy3-conjugated avidin (Amersham Pharmacia) in 4 ¥ SSC containing 0.2% (v/v) Tween-20 and 5% (w/v) bovine serum albumin. Chromosomes were counterstained with 2 mg mL -1 4′,6-diamidino-2-phenylindole (DAPI) in 4 ¥ SSC, mounted in Vectashield (Vector Laboratories) medium, and examined using a Leitz Aristoplan or Leica DMRA2 epifluorescent microscope fitted with an Orca ER camera and Open Lab software (Improvision). All images were processed using Adobe Photoshop and treated for colour contrast and brightness uniformly. For all species and probes, between three and ten metaphase cells were analysed.
RESULTS
NUCLEAR 4C VALUE DATA
The 4C DNA C values for the species studied are given in Table 1 , and show that there is a linear relationship between ploidy level and genome size (r 2 = 0.998). When 2C values were divided by the ploidy level to give the monoploid genome size (1Cx) (sensu Greilhuber et al., 2005) , a mean 1Cx value of 7.5 pg was observed, with a range from 7.36 pg (A. sisalana) to 7.61 pg (H11648) ( Table 1) .
CYTOGENETIC ANALYSIS
Chromosome counts for the species studied are also given in Table 1 , and reveal that the basic monoploid genome contains 30 chromosomes and consists of five large acrocentrics and 25 relatively small submeta-, subtelo-, or telocentrics (CastorenaSánchez, Escobedo & Quiroz, 1991) . With increasing ploidy, the chromosome number and karyotype organization increase proportionally.
Five Agave species representing the range of ploidies from 2n = 2x = 60 to 2n = 6x = 180 were analysed by FISH using 5S and 45S rDNA probes to determine the number of loci. FISH revealed that the monoploid genome has one 5S rDNA locus, located proximal to the centromere on a small submetacentric chromosome, and one 45S rDNA locus, located in the middle of a large acrocentric. As with chromosome number and morphology, the number of 5S and 45S rDNA loci increased in direct proportion to the ploidy level ( Fig. 1A-E) .
In many cases, decondensation of the 45S rDNA locus resulted in the large acrocentric chromosome appearing as two medium-sized chromosomes when observed under phase contrast microscopy or with DAPI using epifluorescence microscopy (Fig. 1F) . However, following FISH, a decondensed 45S rDNA fluorescent signal could clearly be seen linking the two portions of the acrocentric chromosome, indicating that the two chromosome segments were joined (Fig. 1F) .
Probing chromosomes with the (TTAGGG) n minisatellite sequence revealed that all arms carried signal at their telomeres, visible typically as two terminal dots, one to each sister chromatid telomere Figure 1 . A-F, Root tip metaphase of Agave species with different ploidy levels after fluorescent in situ hybridization (FISH) with 18-26S (green) and 5S (pink) rDNA probes and 4′,6-diamidino-2-phenylindole (DAPI) counterstaining of chromosomes (blue). In all species (A-E), irrespective of ploidy, each haploid monoploid genome showed one 45S rDNA site (at a proximal interstitial position on a large acrocentric) and one 5S rDNA site (at a proximal interstitial position on a small metacentric). A, A. tequilana (diploid) with two 45S and two 5S rDNA sites. B, A. fourcroydes var. kitam ki (triploid) with three 45S and three 5S rDNA sites. C, A. fourcroydes var. yaax ki (pentaploid) with five 45S rDNA and five 5S rDNA sites. D, A. angustifolia var. letona (tetraploid) with four 45S rDNA and four 5S rDNA sites. E, A. angustifolia (hexaploid) with six 45S rDNA and six 5S rDNA sites. F, Partial metaphase showing one of the large chromosomes carrying a decondensed 45S rDNA site resulting in a constriction near the middle of the chromosome. G, H, I, Metaphase of A. fourcroydes stained with DAPI (G) and probed with the (TTTAGGG)n minisatellite sequence (weak green signals, arrowed) (H) and the (TTAGGG)n minisatellite sequence (red signal), showing labelling at the telomeres of all chromosomes (I). Scale bar, 10 mm. (Fig. 1G, I ). There was no indication that the size of the signal reflected the size of the chromosome in the bimodal karyotype, and there were no visible interstitial signals. Simultaneous labeling with the (TTTAGGG)n minisatellite revealed only sporadic and weak terminal signal that colocalized with the (TTAGGG)n signals (Fig. 1H ).
DISCUSSION C VALUE AND CHROMOSOME NUMBER IN RELATION TO PLOIDY
Previous studies have shown that the chromosome number in Agave species (based on x = 30) and the numbers of large and small chromosomes in the bimodal karyotype increase in direct proportion to the ploidy level, i.e. A. tequilana (2x = 60), hybrid H11648 (2x = 60) (Finch & Osborne, 1990) , A. sisalana (5x = 150) (Finch & Osborne, 1990; Castorena-Sánchez et al., 1991) , A. fourcroydes (5x = 150) (Castorena-Sánchez et al., 1991) , and A. angustifolia (6x = 180) (Finch & Osborne, 1990; Castorena-Sánchez et al., 1991) . This paper confirms these previous counts, and also reports, for the first time, a triploid accession of A. fourcroydes and a tetraploid accession of A. angustifolia.
Additivity in chromosome number with ploidy level is reflected in the C value data, which show a linear relationship with ploidy level (r 2 = 0.998), with a mean monoploid 1Cx genome size of 7.5 pg. Thus, there has been no apparent loss or gain of DNA in the genomes of polyploid Agave since their formation from lower ploidy level progenitors. The present result for Agave is similar to that reported in certain other polyploids, including several important crops, such as Triticum (Nishikawa & Furuta, 1969) , Hordeum (Bennett & Smith, 1971) , and Gossypium (Liu & Wendel, 2002) . However, it contrasts with the situation reported in other plant species (reviewed in Leitch & Bennett, 2004) , and also in the large-scale analysis of 3008 species where the relationship between C value and ploidy was not linear, but tended to plateau out at higher ploidy levels, indicating a significant loss of DNA during or following polyploidization, termed 'genome downsizing' (Leitch & Bennett, 2004) .
rDNA SEQUENCE DISTRIBUTION
Our analysis of the distribution of rDNA loci in Agave species with different ploidy levels revealed that each monoploid genome carried one 5S and one 45S rDNA site, with no deviation from additivity in the number of sites in proportion with ploidy. These data contrast with reports from species of Aloe, another genus in the same monocot order Asparagales, also with a strongly conserved bimodal karyotype. In Aloe, the number of 5S and 45S rDNA loci varied both within and between ploidy levels, despite the highly conserved karyotype structure (Adams et al., 2000) . Perhaps, in Aloe, rearrangements in chromosome organization occur within a strict karyotype framework, whereas, in Agave, such rearrangements do not occur or, if they do, they do not affect rDNA loci.
The loss of rDNA sequences has been reported widely in polyploids (for a review, see Wendel, 2000) but the loss of whole loci is rarer (Kotseruba et al., 2003) . In polyploids of the eudicot Nicotiana (Solanaceae), the loss of both 45S and 5S rDNA loci towards a diploid-like number was only observed in polyploids that were c. one million years or older, a process that may reflect ongoing genome diploidization (Lim et al., 2007) . If Agave polyploids are of comparable age, no such process is apparent. However, their ages are currently unknown. Nevertheless, recent estimates of the timing and rates of speciation in the genus Agave s.l. suggest that Agave is a relatively young genus evolving c. 10 Mya, followed by two phases of rapid speciation at c. 8-6 and 3-2.5 Mya (Good-Avila et al., 2006) . Based on the data presented by Good-Avila et al. (2006) , it appears that A. angustifolia (the only species in common between our study and theirs) arose during the more recent speciation event 3-2.5 Mya. If the diploids diverged at 3-2.5 Mya, the derived polyploids studied in this work are likely to be younger. If so, this may provide one explanation for the additivity observed in the number of loci of both classes of rDNA.
One consequence of the 45S rDNA locus decondensation at interphase is that a secondary constriction is frequently observed at metaphase that appears to split one of the large acrocentric chromosomes into two medium-sized chromosomes (Fig. 1F) . This can lead to the miscounting of chromosomes in uniformly stained chromosome preparations, perhaps explaining why some reported chromosome counts do not exactly match the widely accepted view that Agave chromosomes have a monoploid chromosome number of x = 30 (Castorena-Sánchez et al., 1991) .
TELOMERE SEQUENCES IN AGAVE
Angiosperms typically have a telomere motif based on (TTTAGGG)n, as first described in Arabidopsis thaliana (Richards & Ausubel, 1988) . Later, it was discovered that at least two plant groups deviated from this: (1) Solanaceae, in which three related genera, Cestrum, Vestia, and Sessea, have lost this minsatellite motif at the telomere and their telomeric sequences remain unknown (Sykorova et al., 2003a) ; and (2) the monocot order Asparagales, in which the divergence of many species in a clade comprising the majority of Asparagales families has been accompanied by the replacement of the Arabidopsis-type telomere sequence with that found in many vertebrates [i.e. (TTAGGG)n; Sykorova et al., 2003b] . As Agave falls within this clade, the finding of the TTAGGG motif at their telomeres supports this finding. The presence of faint colocalizing signals using the (TTTAGGG)n probe (Fig. 1H) suggests either that errors in telomerase activity generate occasional (TTTAGGG)n sequences, as shown in other species of Asparagales, or that the signals represent relic, ancestral-type telomere sequences that existed before the switch to the new (TTAGGG)n motif during the divergence of Asparagales (Sykorova et al., 2003b) .
ADDITIVITY IN GENOME STRUCTURE WITH PLOIDY
For all the parameters examined here and previously, i.e. genome size, chromosome number, and organization of genetic markers, there is additivity in proportion with ploidy. This additivity may reflect the following.
1. The Agave polyploids studied may be young in origin (see above), and have therefore not yet had sufficient time for the genomes of diploid and polyploid species to diverge. In polyploids of Nicotiana, significant genome restructuring was apparent only after c. one million years of divergence, with complete genome turnover occurring within five million years (Lim et al., 2007) , timescales consistent with estimates of retroelement turnover in the genomes species of Triticeae, rice, and Arabidopsis (Wicker & Keller, 2007) . Nevertheless, rapid changes at the genome sequence level have been documented in many synthetic and young polyploids (for example, Chen et al., 2004; Levy & Feldman, 2004; Pires et al., 2004) , suggesting that either these processes are not operating in the Agave polyploids or they are taking place, but in sequences distinct from rDNA. 2. The genome size of a species is thought to reflect a balance between mechanisms that increase genome size (for example, retrotransposition, polyploidy) and those that reduce genome size (for example, the loss of DNA through deletions, illegitimate recombination, unequal crossing-over) (Bennetzen, Ma & Devos, 2005) . Perhaps, in Agave polyploids, these opposing processes are equally balanced and occurring at similar rates in diploid and polyploid genomes alike. 3. De novo polyploidy often generates considerable genomic perturbation, a process called 'genomic shock', leading to considerable genomic restructuring, which is apparent even in the early generations of allopolyploids, for example in Triticeae (Ozkan, Levy & Feldman, 2001; Ozkan, Tuna & Arumuganathan, 2003) , Nicotiana (Skalicka et al., 2003 (Skalicka et al., , 2005 , Brassica (Song et al., 1995) , and Arabidopsis (Pontes et al., 2004) . However, this is not true of all de novo polyploids, as synthetic allopolyploids of Gossypium show little genetic change from the sum of the progenitors (Liu et al., 2001) , although some epigenetic silencing of homoalleles occurs (Adams & Wendel, 2005) . Perhaps the genomic response of Agave to polyploidy is more similar to that of Gossypium than to other genera which have been studied in detail. 4. Perhaps meiosis is a major mechanism in the generation of gametes with increased or decreased genome size and a driving force behind genome size evolution in angiosperms. The Agave species analysed here reproduce predominantly by vegetative propagation through rhizomes. Indeed, traditional breeding practice for Agave involves avoiding floral structures and the associated genetic recombination altogether (Robert et al., 1987; Eastmond & Robert, 2000) . The few studies on sexual reproduction in Agave have revealed low (10%) seed germination in A. fourcroydes (Piven et al., 2001) , and meiotic aberrations are correlated with low pollen viability in A. tequilana (Ruvalcaba-Ruiz & Rodríguez-Garay, 2002) . Perhaps the reduced incidence of sexual reproduction in Agave species may contribute to a stable genome size in the polyploids. 5. The lack of genome downsizing in Agave polyploids could reflect an absence of selection pressure against larger genomes which may be operating in other polyploid species. Indeed, the high frequency of pentaploid and hexaploid Agave species in Yucatán, Mexico, suggests a strong selection in favour of polyploids under the harsh, waterstressed environments in the region. In sharp contrast, the predominantly diploid A. tequilana Weber var. azul and its varieties occur in the central valleys of Mexico, where the conditions are less extreme.
